The average conformation of a flexible chain molecule in solution is coupled to the local solvent structure. In a dense solvent, local chain structure often mirrors the pure solvent structure, whereas, in a dilute solvent, the chain can strongly perturb the solvent structure which, in turn, can lead to either chain expansion or compression. Here we use Monte Carlo (MC) simulation to study such solvent effects for a short Lennard-Lones (LJ) chain in monomeric LJ solvent. For an n-site chain molecule in solution these many-body solvent effects can be formally mapped to an n-body solvation potential. We have previously shown that for hard-sphere and square-well chain-in-solvent systems this n-body potential can be decomposed into a set of two-body potentials. Here, we show that this decomposition is also valid for the LJ system. Starting from high precision MC results for the n = 5 LJ chain-insolvent system, we use a Boltzmann inversion technique to compute numerically exact sets of twobody solvation potentials which map the many-body chain-in-solvent problem to a few-body singlechain problem. We have carried out this mapping across the full solvent phase diagram including the dilute vapor, dense liquid, and supercritical regions and find that these sets of solvation potentials are able to encode the complete range of solvent effects found in the LJ chain-in-solvent system. We also show that these two-site solvation potentials can be used to obtain accurate multi-site intramolecular distribution functions and we discuss the application of these exact short chain potentials to the study of longer chains in solvent.
I. INTRODUCTION
The macroscopic properties of a system with polymeric constituents are often closely linked to the underlying microscopic conformation of the polymer chains. [1] [2] [3] [4] For example, the viscosity of a polymer solution or the optical birefringence of a piece of plastic depend on the average extension and local ordering of the individual polymers. Similarly, the functionality of biopolymers is closely linked to molecular conformation. In turn, the conformation of a flexible polymer chain is strongly dependent on the chain's local environment. Thus, the average size and shape of a truly isolated chain (i.e., in vacuum with fixed energy and angular momentum) 5, 6 is, in general, very different from the more familiar case of a chain molecule in solution. In the solution case, chain conformation is coupled to the local solvent structure and can vary greatly with solvent conditions. 1, 7, 8 In dilute polymer solutions solvent conditions are broadly classified as being either "good" or "poor." In a good solvent, the polymer chain assumes an expanded or open conformation while in a poor solvent the polymer is compact or collapsed. These solvent conditions are more generally defined in terms of the scaling expression for polymer size R ∼ n ν where good and poor solvent conditions correspond to ν > 1/2 and ν < 1/2, respectively. The intermediate case, separating good from poor solvent behavior, is known as a "theta" solvent for which ν = 1/2 and many properties of the polymer chain resemble those of an ideal or Gaussian chain. a) Electronic mail: taylormp@hiram.edu.
In this work, we study the conformation of a short polymer chain in explicit monomeric solvent. Although the above scaling expression is not valid for short chains, it is our observation that for flexible interaction-site chain models the local structure of a short chain in solvent is very similar to the corresponding local structure of a long chain. We have previously exploited this observation to develop a solvation potential approach for hard-sphere (HS) chain-in-solvent systems which allows one to determine the structure of a long chain in explicit solvent based on results from a short-chain simulation. 9 The purpose of the present paper is to provide a basis for the development of a similar solvation potential approach for the Lennard-Jones (LJ) chain-in-solvent system. Here we use Monte Carlo (MC) simulations to study the effects of explicit monomeric solvent on the structure of a short LJ chain across the full range of solvent conditions (vapor, liquid, and supercritical states). We then attempt to construct a functional mapping from these MC results for chain structure to a set of two-site solvation potentials.
The simple interaction-site model studied here consists of a flexible chain in monomeric solvent where both chain-sites and solvent are represented by simple fluid monomers. This is a coarse-grained polymer model in which each interaction site is meant to represent several chemical repeat units of a real chain. 10 Such models are known to display interesting solvent effects. In the case of a HS chain in HS solvent, the primary solvent effects are a monotonic compression of the chain with increasing solvent density and, at liquid-like solvent densities, an imprinting of the local solvent structure onto the local structure of the chain. 9, [11] [12] [13] [14] [15] [16] [17] In terms of solvent quality, the HS solvent is, in most cases, a good solvent for the HS chain, although a high density chain collapse has been reported for a solvent-to-chain-site diameter ratio of 5. 13 Richer solvent effects are found in square-well (SW) and Lennard-Jones (LJ) chain-in-solvent systems. [17] [18] [19] [20] [21] [22] In such systems, both solvent induced chain compression and chain expansion are possible. At high temperatures chains are compressed with increasing solvent density while at low temperatures chains expand with increasing solvent density. In the latter case, the solvent "solvates" the chain, causing it to assume a more open or expanded conformation. At very high solvent densities packing effects become more pronounced at lower temperatures and the solvent induced chain expansion typically levels off. In these systems, the low density, low temperature regime corresponds to poor solvent conditions while high density and/or high temperature correspond to good solvent conditions. In both the SW and LJ systems, one can drive chain collapse in a dense, low temperature solvent environment by simply reducing the attractive part of the chain-solvent interaction (leaving the solvent-solvent and intramolecular chain-chain interactions unchanged). 17, [23] [24] [25] [26] [27] [28] This change reduces the solvating power of the solvent and allows for a continuous tuning of solvent conditions from good to poor.
Although the conformational properties of a polymer in solution are closely coupled to the local solvent environment, correctly accounting for these solvent effects can pose some difficulty due to the many-body nature of the polymer-solvent interaction. In much of the work on polymers in dilute solution, the solvent is treated implicitly as a continuum whose average effects are accounted for through an effective sitesite interaction potential. 3, 8, 29 This type of implicit solvent approach ignores local solvent structure and assumes that the multi-body effects of the solvent are identical for all pairs of sites in the polymer chain. A related implicit solvent approach, used in the study of compact biomolecules, assumes the effects of solvent to be proportional to the surface area of the polymer exposed to solvent. [30] [31] [32] This approach also ignores local solvent structure but does incorporate some of the many-body character of the solvation interaction. 24 The above implicit solvent models attempt, in an approximate way, to map the chain-in-solvent system (a many-body problem) onto an isolated chain with effective intramolecular interactions (a few-body problem). It is in fact possible to construct a formally exact version of this type of mapping through the introduction of a multi-body solvation potential. 33 This approach involves integrating over all solvent degrees of freedom for a specific solute conformation resulting in a potential that is a functional of solute conformation. Thus, for an exact description of a flexible n-mer chain in solvent we require an n-body solvation potential. Given the difficulty of working with such multi-body potentials, one typically assumes a pairwise decomposition approximation in order to maintain a tractable theory. [33] [34] [35] [36] [37] Although widely used, the accuracy of this pair decomposition approximation has long been questioned. 14, 31 Grayce has avoided the pair approximation, using scaled particle theory to construct a full many-body solvation potential for HS systems.
14 However, Polson et al. have recently shown that Grayce's approximate many-body approach fails for longer chains at high solvent density. 28 We have recently investigated the validity of the pair decomposition approximation for both short HS and SW chains in monomeric HS and SW solvent, respectively. 17 Our "numerically exact" results show that while a single two-site solvation potential is unable to capture the complete effects of solvent, a set of two-site solvation potentials can exactly map the chain-in-solvent problem onto that of an isolated chain. In this work, we examine the validity of this approximation in a LJ chain-in-solvent system. Following the approach previously applied to systems involving the discontinuous HS and SW potentials here we attempt to construct numerically exact sets of solvation potentials for an analogous system involving the continuous LJ potential. Demonstrating that a rigorous pair decomposition of the multi-body solvation potential is valid in systems with continuous interaction potentials is important for establishing the general validity of this approach.
II. THE INTERACTION-SITE CHAIN-IN-SOLVENT MODEL
A. Site-site probability and distribution functions
In this work, we study the equilibrium properties of a flexible chain molecule immersed in a monomeric solvent. The chain is comprised of n interaction site monomers, labeled 1 through n, which are linked by universal joints of fixed bond-length L. The solvent consists of N monomers, labeled n + 1 through n + N , which are identical to the chain sites. The system is in a fixed volume V (solvent density ρ = N/V ) and at temperature T . The center of monomer i is located by the vector r i and all pairs of sites i and j (excepting chainsites directly bonded to each other) interact via a spherically symmetric potential u ij = u(r ij ) where r ij = | r i − r j | is the site-site separation. The probability density that the n-mer chain will be found in a specific conformation { r 1 , . . . , r n } (i.e., chain sites 1 through n are simultaneously located within small volume elements about these positions) is given by 16, 38 
where β = 1/k B T , k B is the Boltzmann constant, S n is the product of intramolecular distribution functions imposing the fixed bond length constraint,
. . , r n ; ρ, T ) is the n-body solvation potential formally defined via
where W is the sum of all interactions involving solvent particles given by
and Z n+N is the canonical partition function for the chain-insolvent system given by
(5) It is usually most convenient to use reduced versions of the Eq. (1) n-site probability function. Of particular interest here will be the two-site function defined by
which can be simplified, by taking site i as the coordinate origin and integrating over all possible origin locations and r ij orientations, to yield
This latter probability density satisfies the normalization condition
and can be used to define average chain properties such as mean-square site-site separations
and the mean-square radius of gyration
The above functions describe the conformation of a chain molecule at infinite dilution in a solvent. To describe the bulk solvent structure and solvent environment around the chain, we use the following solvent-solvent and chain-solvent twopoint correlation functions:
and g (2) cs ( r a , r b ) =
These two-point functions are proportional to the probability that two sites will be simultaneously located in the vicinity of points r a and r b . For the solvent-solvent g ss -function both sites are solvent particles (arbitrarily labeled n + 1 and n + 2) while for the chain-solvent g cs -function one of the sites (labeled m) is on the chain. For a homogeneous system, these two-point functions depend only on the distance r ab and thus can be expressed as radial distribution functions g(r ab ) = g (2) ( r a , r b ).
B. The solvation potential mapping
The full n-body solvation potential defined in Eq. (3) is a "few-body" potential that exactly accounts for the many-body effects of solvent on the polymer chain solute. In general, this n-body potential is still impractical to compute and thus one typically resorts to a pairwise decomposition approximation to obtain a tractable theory. 33 For the polymer-in-solvent system, this pair-approximation reduces the n-body potential to a set of (n − 1)(n − 2)/2 site-site potentials as follows:
This pair decomposition allows for an exact mapping between the chain-in-solvent system and an isolated chain interacting via a set of effective site-site potentials given by
The probability to find this mapped or effective potential chain in a specific conformation is given by 16, 38, 41 
with corresponding two-site probability functions
where the D-functions are 3(n − 2)-dimensional integrals given by
and the single chain partition function can be written in terms of any of these D-functions as follows:
Explicit expressions for these D-functions for n ≤ 5 are given in Ref. 38 . Equation (16) suggests that given a set of site-site probability functions for a chain in explicit solvent, one can use a Boltzmann inversion technique 42 to obtain the corresponding set of two-site effective potentials. In the case of a 3-mer chain, the required D-function is simply D (3) 13 (r; ρ, T ) = 1/(8πL 2 r) and the single effective potential is given exactly by
where the second term on the right hand side can be treated as an additive constant that sets the zero of the energy. For the cases of n > 3, one has a set of site-site probability functions leading to a set of site-site effective potentials given by (20) actually represents a set of coupled integral equations for these effective potentials. Given a set of P ij functions for a chain in solvent, obtained for example from computer simulation or density expansion, 16 one can in principle solve the set of equations represented by Eq. (20) self-consistently to obtain a set of effective potentials. We have argued previously that this approach in fact provides a strong test of the validity of the two-site decomposition of the n-body solvation potential [Eq. (13)]. That is, a successful self-consistent solution to Eq. (20) demonstrates that a set of two-site potentials can represent the multi-body effects of an explicit solvent. Finally, we note that Eq. (20) only defines the set of effective potentials u eff ij up to a set of arbitrary additive constants. 17 As with any potential energy, we "choose" these additive constants by defining a reference position at which these potentials go to zero.
C. Numerical and Monte Carlo methods
The equations presented in Secs. II A and II B are valid for any spherically symmetric site-site potential. In the following, we make use of a truncated-shifted Lennard-Jones (LJ) potential,
where the LJ potential is
and we take r cut = 2.5σ . The LJ parameters σ and set the length and energy scales of the model, respectively. Here we set the chain bond length to L = σ and define a reduced temperature T * = k B T / . The properties of a monomer fluid interacting via the Eq. (21) potential are well studied [43] [44] [45] [46] and in Fig. 1 we show a portion of the phase diagram for this system. The critical point for this fluid is located at ρσ 3 = 0.317, T * = 1.085 43 and the triple point occurs at T * = 0.618 with liquid density ρσ 3 = 0.829. 45 For the temperature range of Fig. 1 , the coexistence region with the crystal phase begins in the vicinity of ρσ 3 ≈ 0.9. To compute the set of two-site solvation potentials (and thus two-site effective potentials) which map an n-mer LJ chain in this LJ solvent to an isolated chain we must solve the set of coupled integral equations represented by Eq. (20) (or Eq. (19) for n = 3). For numerical calculations, Eq. (20) is rewritten in terms of x ij (r) = exp(−βu eff ij ) and we seek a self-consistent solution of the coupled equations in terms of this variable set. These equations are solved on a uniform grid with spacing 0.02σ . The input P ij (r) functions, which are obtained from Monte Carlo (MC) simulations, are smoothed using a 5-point cubic algorithm 47 and then established onto the calculation grid using quadratic interpolation/extrapolation. For numerical integration, we use Gauss-Legendre quadrature, breaking up each integral into sections as in Ref. 38 and using between 16 and 32 breakpoints per section, with linear interpolation of the x ij (r) functions from the calculation grid. We take the zero location for each u sol ij to be at r = 1.5σ (rather then the natural choice of |i − j |σ , since the input P ij -functions have the largest signal-to-noise ratio near this latter distance, resulting in a less robust numerical calculation). We use a standard Picard iteration scheme 39 with a mixing factor of 0.5 and and assume convergence when the set of x ij (r) functions vary by no more than 10 −6 at every grid point between successive iteration cycles. Finally, we use the converged x ij (r) functions as input to Eq. (16) to compute a final set of P ij (r) functions which are compared with the original MC P ij (r) functions.
As noted above, the starting chain-in-solvent P ij (r) functions are obtained from Monte Carlo (MC) simulations. We carry out these simulations in the canonical ensemble using a rectangular simulation box of volume V with periodic boundary conditions. An n-mer chain is initially placed in the center of the box in a bent conformation and N solvent particles are placed in the box on an expanded fcc lattice, avoiding overlap with the chain. Here we present results in terms of solvent density ρ = N/V rather than total particle density ρ tot = (n + N )/V , however, we always choose N large enough such that these two densities differ by less than 1% (i.e., (ρ tot − ρ)/ρ = n/N < 0.01). Since N and ρ set the box size, N is also chosen large enough such that the smallest linear dimension of the box exceeds the fully extended chain length plus several solvent diameters. For n = 5 chains, we typically use N = 600 or 800 solvent particles.
In the simulation, solvent particles are moved by random displacements while the MC move set for the chain consists of single bead axial or end-site rotations and a multisite pivot-like move where a interior bead undergoes a pivot move and the shorter side of the attached chain follows via a rigid translation. 17, 48 Attempted moves are accepted or rejected based on the standard Metropolis criterion. A neighbor list and quick rejection scheme are used in the required energy calculation. 47 All moves are selected at random and one MC cycle consists of 2n + N attempted moves. We adjust the maximum size of each MC move type during system equilibration with the aim of obtaining a 0.5 acceptance fraction in each case. A typical simulation consisted of 10 6 equilibration cycles followed by 10 7 data production cycles, divided into 10 blocks, with data analysis via block averaging. Solvent and chain equilibration were verified by monitoring the total system energy and the chain end-to-end distance, respectively, through the equilibration phase. We continue to monitor the maximum and minimum chain end-to-end distance through each block of the simulation to verify that the full range of chain conformations is sampled. In most cases, we actually run 10 independent simulations of this type, averaging over the final results of each run for a total simulation length of 10 8 cycles. (Such long runs are needed to obtain good statistics for the single chain in the box). We have compared results from our MC algorithm with those of Luna-Barcenas et al. 21 for a 20-mer LJ chain in supercritical LJ solvent and find good agreement.
In addition to the chain intramolecular site-site probability functions, we also compute the solvent-solvent and chainsolvent radial distribution functions [Eqs. (11) and (12)]. These are constructed as
where N (r) is the average number of pairs of sites (solventsolvent or chain-solvent) with separation in the range r − r/2 → r + r/2 and V shell (r) is the volume of the corresponding spherical shell of diameter r and thickness r.
III. RESULTS

A. Chain size and conformation
In order to assess both the validity and feasibility of a two-site solvation potential representation of a LJ n-mer chain in a LJ monomeric solvent, we have performed a large set of MC simulations of the 5-mer chain in solvent. In the Fig. 1 phase diagram, we indicate the state points where we have obtained high precision MC results for the 5-mer chain. These points cover the vapor, liquid, and supercritical regions of the solvent. We have also obtained sets of 5-mer MC data The variation of 5-mer chain size across the solvent phase diagram is shown in Fig. 2 . Here we plot the mean-square end-to-end distance of the 5-mer chain versus solvent density for a range of temperatures. For very low solvent density, we observe a strong decrease in chain size with decreasing temperature corresponding to the onset of the isolated chain collapse transition (which occurs at T * = 0.3). Upon isothermal compression of the system from this low density state, the 5-mer chain is compressed by the solvent at high temperatures and expanded by the solvent at lower temperatures with the crossover between these behaviors occuring at T * ≈ 4. This low temperature chain expansion is due to the solvent "solvating," and thus opening the compact chain. At higher densities (ρσ 3 ≥ 0.5) this chain expansion turns over into a very mild chain compression. In the high solvent density regime (ρσ 3 ≥ 0.6), chain size is similar for all temperatures and varies little with density, especially in and near the liquid phase. (At density ρσ 3 = 0.8 there is actually a slight chain expansion upon isochoric cooling through the supercritical region, similar to the behavior previously observed for a square-well chain-in-solvent system 49 ). Across the vapor-liquid coexistence region, the chain is compact in the vapor phase and expanded in the coexisting liquid phase. We note that for all state points indicated in Figs. 1 and 2 , the 5-mer chain is actually in an "expanded" state relative to the corresponding freely-jointed or ideal chain for which r 2 15 = 4σ 2 .
1
The structure of the 5-mer LJ chain in LJ solvent is shown in Fig. 3 .0) corresponds to a dense super-critical solvent. Chain structure is described in terms of the set of intramolecular probability functions P ij (r; ρ, T ). For a 5-mer chain, there are four distinct P ij -functions for the pairs (i, j ) = (1,5), (1,4), (1,3) , and (2,4). For the four state points considered here, all of the P ij -functions display distinct multiple peaks indicating local chain structure. However, the origin and degree of this structure is different in each case. For the chain in the solvent vapor (Fig. 3(a) ), the probability peaks at the location of the potential minimum (r ≈ 1.12σ ) and near r ≈ 3 1/2 σ for P 13 and P 24 and near r ≈ 2σ for P 14 and P 15 can all be associated with a compact chain structure. At this temperature the chain in vacuum is beginning to collapse 38 and the effect of solvent is to slightly swell the compact chain (as seen by comparing the P 13 and P 15 -functions for the chain in vacuum and in the solvent vapor). In Fig. 3(d) , we show the chain structure also at T * = 1.0 but now in the liquid phase of the solvent. The P ij -functions show much stronger structure than for the compact chain in solvent vapor but in this case the chain is in an expanded conformation. The chain structure mirrors the local structure of the dense liquid solvent and includes P 13 and P 24 peaks corresponding to "ortho" (r ≈ σ ), "meta" (r ≈ 3 1/2 σ ) and "para" (r ≈ 2σ ) conformations 14 and a third neighbor peak in the P 15 -function. In the higher temperature super-critical dense solvent of Fig. 3(c) , a somewhat weaker solvent structure is imprinted on the chain. Finally, in Fig. 3(b) we show the chain structure in a lower temperature super-critical solvent of moderate density. The average size of the chain in this super-critical solvent is very close to the size for the Fig. 3(d) chain in liquid. However, the solvent is much less structured for the conditions of Fig. 3(b) and the chain correspondingly displays much less structure than for the case in the dense liquid solvent.
B. Solvation potentials
Figures 2 and 3 demonstrate that the size and structure of a 5-mer LJ chain in LJ solvent is strongly affected by solvent conditions. The many-body effects of the solvent can lead to subtle chain expansion as in Fig. 3(a) and dramatic imposition of structure on the chain as seen in Fig. 3(d) . One of the primary motivations of the present study is to see if these widely varied many-body effects of solvent can be captured through the use of a relatively simple solvation potential. In particular, a pair-wise decomposition of the exact n-body solvation potential provides a mapping of the chain-in-solvent problem onto a single chain interacting via a set of effective potentials. Given a set of site-site probability functions, such as those shown in Fig. 3 , Eq. (20), in principle, allows for the construction of this set of effective potentials. Of course Eq. (20) is premised on a pair-wise decomposition approximation and thus the existence of a self-consistent solution to this set of equations is not guaranteed. The ability to find such a solution provides numerical evidence for the validity of this approximation.
For the n-mer LJ chain in monomeric LJ solvent, we are in fact able to find solutions to Eq. (20) for n = 4 and 5 across the entire solvent phase diagram. (We note that the solution of Eq. (20) for n ≥ 6 is numerically impractical). In particular, we have computed sets of solvation potentials for the 5-mer chain at all of the state points indicated in the Fig. 1 phase diagram. In Fig. 4 , we show the solvation potentials obtained from the P ij -functions shown in Fig. 3 . We plot these functions "as computed" with the reference or zero potential Fig. 3 and are presented here as calculated, with the potential fixed to zero at position r = 1.5σ . The anomalous turn over of the u 15 functions near full chain extension is an artifact of the low "signal-to-noise" ratio of the input P 15 functions at large r.
location being set at r = 1.5σ . As noted above, the natural zero location for these u sol ij -functions is at distance r = |i − j | σ , however, the numerical results for the ij = 14 and 15 functions are unreliable at these fully extended distances due to the near zero value of P ij , and thus a low "signal-to-noise" ratio of these input functions, at these r values. Aside from extended r values, the computed u sol ij -functions are quite reproducible for different sets of P ij -functions obtained from independent simulations (assuming these functions have been computed to high precision, as detailed in the above description of our simulation methods).
For the three low temperature state points considered in Figs. 3 and 4 (panels a, b, and d) , the overall effect of solvent is to cause chain expansion (compared to the corresponding no-solvent ρ = 0 conditions). This chain expansion effect can be associated with the prominent repulsive barrier seen near position r ≈ 1.4σ for all of the Fig. 4 solvation potentials. For the chain in a solvent vapor environment (Fig. 4(a) ), there is a very broad attractive well beyond this barrier in the ij = 14 and 15 potentials. For the chain in a dense liquid environment (Fig. 4(d) ), the solvation potentials all exhibit small but well defined oscillations beyond the repulsive barrier which encode the strong solvent structure. For the super-critical solvent (Figs. 4(b) and 4(c) ), similar oscillations are present in the solvation potentials, but they are much weaker due to the less structured solvent. For the high temperature state point of Figs. 3 and 4(c) , the overall effect of solvent is chain compression. This effect can be associated with the deep attractive well seen in Fig. 4(c) for r 1.2σ which overrides the expansion effects of the small repulsive barrier centered at r ≈ 1.4σ . For r < σ, these solvation potentials contribute little to the effective potentials (Eq. (14)) as the bare LJ potential rises steeply, overwhelming any solvent contribution. To demonstrate that these sets of solvation potentials really do map the chain-in-solvent to a single chain problem we insert them into Eq. (16) to compute corresponding single-chain site-site P ij (r) probability functions. The results of this calculation are shown as the solid lines in Fig. 3 . As seen in this figure, the single-chain calculation exactly reproduces the results of the many-body chain-in-solvent system.
To get a more complete picture of the solvation potentials for the LJ system, we show in Fig. 5(a) the end-to-end potential u sol 15 (r; ρ, T ) for a 5-mer chain in solvent at supercritical temperature T * = 1.2 across the full range of solvent densities. We include with each of the solvation potentials a reference line corresponding to a choice of the potential zero at position r = 3.3σ and we exclude the larger r range from this figure. All of these potentials exhibit a repulsive barrier in the vicinity of r ≈ 1.4σ which arises from the attractive interaction between the chain and the solvent. This repulsive barrier grows with increasing solvent density and longer range oscillations develop indicating a more structured solvent at higher densities. These long range oscillations at high density can be contrasted with the broad attractive well seen at ρσ 3 = 0.1 suggesting that the local solvent environment is qualitatively different for the high and low solvent density situations. We take up this issue in Sec. III C. In Fig. 5(b) , we show the corresponding effective potentials u eff 15 (r; ρ, T ) = u(r) + u sol 15 (r; ρ, T ) built from the above solvation potentials. For these effective potentials, we have taken the zero of the solvation potentials to be located at r = 3.3σ as indicated by the zero-lines in Fig. 5(a) . With increasing solvent density the attractive well of the original bare LJ potential u(r) (i.e., Eq. (21) which corresponds to ρ = 0) narrows and a repulsive barrier grows in near r ≈ 1.5σ . The depth of the attractive well in Fig. 5(b) initially decreases with increasing solvent density, but at solvent density ∼ 0.5 the attractive well begins to deepen which leads to the turn-over from chain expansion to chain compression at higher densities seen in Fig. 2 . Chain compression with increasing solvent density is characteristic of the hard-sphere chain-in-solvent system and the analogous behavior of the LJ system can be attributed to the enhanced role of packing effects at high solvent density.
C. Solvent structure
The solvation potentials computed in Sec. III B account for the effect of the local solvent environment on chain structure. Of course the chain and solvent structure are coupled and each influences the other. To examine the effect of the chain molecule solute on the solvent structure we consider the chain-solvent and solvent-solvent radial distribution functions, g cs (r) and g ss (r), respectively. The g cs -function provides a measure of the local solvent density in the vicinity of the chain while the g ss (r)-function measures the spatial variation of solvent density with respect to an arbitrary solvent particle. In Fig. 6 , we show both of these radial distribution functions at different combinations of low and high solvent density and temperature. For the low solvent density (ρσ 3 = 0.1) cases shown in Figs. 6(a) and 6(b), the local solvent structure around the chain is markedly different from the bulk solvent structure. In particular, for the low density, high temperature case (Fig. 6(b) ) there is a depletion of solvent around the chain as seen by the "correlation hole" in the g cs -function while the bulk solvent g ss -function displays the expected enhanced correlation in the first neighbor shell. In contrast, for the low density, low temperature case (Fig. 6(a) ) we observe solvent clustering around the chain as evidenced by the g cs peaks at the first and second nearest neighbor shell locations and a long range correlation tail. (This clustering effect is found throughout the low temperature, low density region of the Fig. 1 phase diagram, being bounded approximately by a line connecting the solvent critical point with the ρσ 3 = 0.2, T * = 1.5 state point and extending up to ρ = 0, T * ≈ 2.5). In both of these low density cases, the chain strongly modifies the local solvent environment. At high solvent density (ρσ 3 = 0.8, Figs. 3(c) and 3(d) ), the solvent environment around the chain is very similar to the bulk solvent structure. Both the g cs and g ss -functions display oscillations characteristic of a dense liquid and the similarity of these functions indicate that the chain structure conforms to the structure of the dense solvent. (The reduction of the first peak in the g cs -function compared to the g ss -function is simply due to the reduction of the possible number of solvent nearest neighbors for any chain reference site due to the presence of connected chain sites.) This imprinting of the dense solvent structure onto the chain is found for both high and low temperatures and resembles the behavior found in hard-sphere chain-in-solvent systems.
D. Multi-site correlations
In Sec. III B, we have shown that it is possible to exactly map the many-body effects of an explicit LJ solvent on the conformation of a flexible LJ solute chain using a set of two-site solvation potentials. This mapping has been based on a characterization of chain conformation in terms of two-site probability functions. A further test of the general validity of this mapping is to examine how well the two-site solvation potentials can reproduce the structure of a solute chain measured in terms of higher order, multi-site correlation functions. We have previously shown that for a hard-sphere 4-mer chain in hard-sphere monomeric solvent, chain structure at a multi-site level was accurately given by two-site solvation potentials. 17 Here, we consider the 3-site correlation function P 135 (r 13 , r 35 ) which gives the probability density that site-site pairs 13 and 35 will be simultaneously separated by distance 
For an isolated 5-mer chain, this multi-site probability function is given exactly by where the required site-site distances can all be written in terms of the standard spherical coordinate two-point distance measure 
In particular, noting that r ij = L for |i − j | = 
with 0 ≤ φ 45 ≤ π . In Fig. 7(a) , we show exact results for the 3-site P 135 -function, computed via Eq. (25) , for an isolated 5-mer LJ chain at T * = 1.0. This function is symmetric about the r 13 = r 35 diagonal and exhibits a strong maximum for chain conformations in which the site-site distances r 13 and r 35 are simultaneously equal to the potential minimum of ∼ 1.1σ consistent with a locally collapsed chain. In Figs. 7(b) and 7(c) , we show the evolution of this 3-site function with increasing solvent density. In each of these plots we show results obtained both from Eq. (25), using solvation potentials shown in Fig. 4 , and from the full chain-in-solvent simulations. For vapor phase solvent conditions ( Fig. 7(b) ), P 135 displays peaks associated with an asymmetric chain structure in which one side of the chain is collapsed and the other side is expanded. In the dense liquid solvent conditions (Fig. 7(c) ) this function displays multiple peaks each corresponding to a combination of ortho, meta, and para conformations of the 123 and 345 subchains. This set of peaks clearly demonstrates the strong imprinting of the dense solvent structure on the chain. In both the vapor and dense liquid cases, the Eq. (25) effective potential results for this 3-site function (shown in the r 13 > r 35 region of the plots) compare remarkably well with the full chain-in-solvent simulation results (shown in the r 13 < r 35 region).
If there were no correlation between the instantaneous conformation of the two ends of the 5-mer chain, the 3-site function P 135 would simply be given by the product of the associated 2-site functions P 13 P 35 and, in fact, the primary peaks seen in Fig. 7 do coincide with the P 13 peak locations seen in Fig. 3 . To examine the purely 3-body intramolecular correlation between the two chain ends we consider the 3-site correlation function C 135 (r 13 , r 35 ) = P 135 (r 13 , r 35 ) − P 13 (r 13 )P 35 (r 35 ). In Fig. 8 , we show density plots of this 3-site correlation function that correspond to the Fig. 7 plots of the 3-site probability function. In each of the Fig. 8 plots there are regions of positive and negative correlation which form diagonal bands and this banded structure is seen to be independent of solvent density. In the regions of positive correlation the simple "Markov" approximation of P 135 ≈ P 13 P 35 underestimates the 3-site probability function while in regions of negative correlation this approximation overestimates P 135 . In Figs. 8(b) and 8(c) , we see that our two-body effective potential calculation reproduces the main features of this 3-body correlation, with a slight overestimation of the maximum deviations from the Markov approximation. It is particularly interesting that these deviations are approximately independent of solvent density. This suggests that correlation function results for an isolated chain might be used to "correct" the simple Markov approximation for 3-site probability functions for a chain in solvent.
IV. DISCUSSION
In this work, we have used MC simulation to characterize the effects of an explicit LJ-monomer solvent on the local structure of a flexible 5-mer LJ-chain solute and investigated the coupling between chain and solvent structure. We have developed an effective potential representation of the manybody solvent effects (based on a pair decomposition of the formally exact n-body solvation potential) and have computed sets of two-site solvation potentials using our high precision chain-in-solvent MC results as input. With these two-site solvation potentials we are able to exactly reproduce the structure (at the level of site-site probability functions) of a chain in solvent via a calculation for an isolated chain. We have constructed a library of such solvation potentials for the 5-mer LJ chain in LJ solvent which covers the vapor, liquid, and supercritical regions of the LJ solvent phase diagram. We have also used these sets of two-site solvation potentials to compute a multi-site correlation function and find good agreement with results from the full chain-in-solvent system.
Our results for the behavior of a 5-mer LJ chain in monomer LJ solvent are consistent with the previous studies of Luna-Barcenas et al. [20] [21] [22] These authors studied 20 and 40-mer LJ chains in supercritical LJ monomer solvent and obtain size versus density results similar what we show in Fig. 2 . These authors proposed that the single chain in solvent behavior can be mapped onto the behavior of a polymer solution and thereby identified a closed loop miscibility curve for a constant pressure LJ polymer solution. Such behavior is due to a region of poor solvent conditions in the low temperature, low density part of the supercritical region of the LJ phase diagram. Isobars passing through this region will reenter good solvent conditions on both the low density, high temperature and high density, low temperature sides. This region of poor solvent conditions identified in Ref. 21 (which is bounded by a line running from ρ = 0, T * ≈ 2.5 to ρσ 3 ≈ 0.45, T * ≈ 1.1 in the T -ρ phase diagram) is where we find the onset of chain collapse (see Fig. 2 ) and corresponds quite closely to the region where we identify solvent clustering around the chain.
Sumi et al. have also studied the polymer chain-insolvent system using a density functional approach to compute an effective single chain Hamiltonian representing the solvated chain. These authors predict that a polymer chain in solvent will undergo a dramatic expansion in the vicinity of the solvent critical point. 50, 51 For the LJ 5-mer chain in LJ solvent, we have found no evidence of this predicted anomalous expansion. As noted previously, for the truncated shifted LJ potential used here the solvent critical point is located at ρσ 3 = 0.317, T * = 1.085. Our simulations of the 5-mer chain at this critical point show nothing unusual. As seen in Fig. 2 , chain size varies smoothly along the nearcritical T * = 1.10 isotherm through the critical density. Our simulations for longer LJ chains (n = 10 and 20) near the solvent critical point yield similar results, in agreement with the previous work of Luna-Barcenas et al. 21 The calculation of Sumi et al. assumes an untruncated LJ solvent and these authors have suggested that the truncation of the LJ potential at 2.5σ , as is done here and in Ref. 21 , may quench the predicted expansion effect. A similar argument would explain the lack of any anomalous expansion in the square-well chainin-solvent system with interaction range 1.5σ . 18, 19 Alternatively, the non-observation of the anomalous chain expansion predicted by Sumi et al. may simply be due to the relatively small simulation boxes used in the chain-in-solvent simulations. Our box sizes of L = 14.7σ and 19.9σ (corresponding to N = 1000 and 2500 solvent particles) used for simulations near the solvent critical point with 5-mer and 20-mer solute chains, respectively, may not allow sufficiently longrange critical fluctuations to develop.
A primary motivation for the work presented here comes from our previous studies of a flexible HS chain-in-solvent system. Based on the observation that the local structure of long and short HS chains in HS monomeric solvent are very similar, we proposed a method to construct solvation potentials for long chains built from exact two-site potentials for 5-mer chains and the pure solvent potential of mean force. 9 In this approach, the 5-mer solvation potentials u sol ij are used to describe solvent effects between beads i and j for a long chain when |i − j | < 5 while the solvent potential of mean force −k B T lng(r) is taken as the ij solvation potential in the limit of |i − j | being large. An interpolation procedure is used to connect the small and large |i − j | regimes. Thus, starting from chain-in-solvent simulation results for a chain of length n = 5, we are able to compute detailed structural properties of an arbitrarily long chain in solvent via a singlechain simulation (which amounts to a huge reduction in computational complexity for the chain-in-solvent problem). We have been able to validate this solvation potential approach, via direct comparison with chain-in-solvent MC results, for HS chains up to length n = 100. We are currently extending this approach to the LJ chain-in-solvent system using the 5-mer results presented here. We have found that the algorithm used in the HS system works well for the LJ system in regions of high density and high temperature (where chain dimensions are decreasing with increasing solvent density). In regions where chain dimensions increase with increasing solvent density the HS construction does not work well, however, we have developed an alternate construction based solely on the short chain solvation potentials. At present we have been able to validate this solvation potential approach for the LJ chain-in-solvent system for chains up to length n = 50. Although this approach does require the calculation of the 5-mer solvation potentials at every state point of interest, once these are determined results for a chain of arbitrary length in solvent at that state point can be obtained via a single chain simulation. Our results for long LJ chains in LJ solvent will be reported in a forthcoming publication.
